The magnetic properties of several series of cylindrical Co and CoFe nanowires with tailored hexagonal or cubic crystalline symmetry are reviewed. Nanowires are prepared by electroplating filling the self-assembled nanopores of anodic alumina membranes. Their structure is tailored through the electroplating conditions to present cubic ( A number of studies have been reported on single element magnetic nanowire arrays, especially Ni, Fe and Co, their alloys (particularly, FeNi and CoFe) and metallic multilayer systems [10]- [13] . Apart from the intrinsic crystalline or magnetoelastic anisotropy, the magnetic behavior of nanowire arrays is affected by the magnetostatic energy, which is determined by the length (several m) to diameter (20 to 100 nm) aspect ratio and the density of nanowires. Such interactions are particularly relevant in the case of nanowires with reduced intrinsic anisotropy as is In turn, Co nanowires can exhibit fcc cubic symmetry, while in most cases they present a preferential hexagonal close packed, hcp, crystallographic structure, with the -axis nearly perpendicular to the nanowire longitudinal axis [11] , [14] . The corresponding magnetocrystalline anisotropy is of the same order of magnitude as the shape anisotropy that results in a near energy balance. A number of reports have been published recently on the correlation between magnetic behavior of Co nanowire arrays with different crystal structure (fcc, hcp and their mixture), and particularly on the fabrication parameters that modify such structure (i.e., bath temperature and pH, time of electroplating or current) [15]-[19]. Also, the incorporation of additional elements (i.e., CoNi, CoPt, CoPd alloy nanowires) has been probed to introduce structural changes [20] , [21] . The number of such parameters and the complexity of textures makes it hard to easily interpret their magnetization behavior.
T
HE MAGNETIC behavior of ferromagnetic nanowires is determined by their characteristic cylindrical geometry and magnetic anisotropy. A deep knowledge about the magnetization reversal process of individual nanowires and their arrays is essential to design and develop novel magnetic devices. Magnetic nanowires are considered to be nearly ideal low-dimensional systems, allowing one to address fundamental physical questions [1] , [2] . With regards to technological applications, nanowires and their arrays are very promising for advanced perpendicular information storage media with ultra-high density, in logic circuits or functionalized devices [3] , [4] as well as for magnetic functionalization and sensors [5] , [6] .
Electrochemical route to synthesize nanowires inside highly ordered porous templates is currently attracting much interest. Particularly, anodic aluminum oxide (AAO) membranes stand as a very versatile technique to fabricate arrays of magnetic nanowires, nanoholes or nanotubes with reproducible properties and tunable geometrical features as diameter, length and center-to-center distance [7] - [9] .
A number of studies have been reported on single element magnetic nanowire arrays, especially Ni, Fe and Co, their alloys (particularly, FeNi and CoFe) and metallic multilayer systems [10] - [13] . Apart from the intrinsic crystalline or magnetoelastic anisotropy, the magnetic behavior of nanowire arrays is affected by the magnetostatic energy, which is determined by the length (several m) to diameter (20 to 100 nm) aspect ratio and the density of nanowires. Such interactions are particularly relevant in the case of nanowires with reduced intrinsic anisotropy as is the case of Fe, Ni and FeNi nanowires where shape anisotropy ( erg/cm ) typically overcomes magnetocrystalline of cubic symmetry and magnetoelastic energy terms.
In turn, Co nanowires can exhibit fcc cubic symmetry, while in most cases they present a preferential hexagonal close packed, hcp, crystallographic structure, with the -axis nearly perpendicular to the nanowire longitudinal axis [11] , [14] . The corresponding magnetocrystalline anisotropy is of the same order of magnitude as the shape anisotropy that results in a near energy balance. A number of reports have been published recently on the correlation between magnetic behavior of Co nanowire arrays with different crystal structure (fcc, hcp and their mixture), and particularly on the fabrication parameters that modify such structure (i.e., bath temperature and pH, time of electroplating or current) [15] - [19] . Also, the incorporation of additional elements (i.e., CoNi, CoPt, CoPd alloy nanowires) has been probed to introduce structural changes [20] , [21] . The number of such parameters and the complexity of textures makes it hard to easily interpret their magnetization behavior.
Micromagnetic models based on analytical or numerical approaches for the magnetization reversal process can help such interpretation. The cylindrical shape defines an intrinsic uniaxial shape anisotropy which, under an applied field parallel to the nanowire axis, favors the magnetization reversal through a large Barkhausen jump, eventually produced by a nucleation and fast propagation of a single domain wall. Two main reversal modes are accepted to occur during the demagnetization, where a domain wall is formed with in-plane transverse magnetization (transverse mode) or a vortex (vortex mode) [22] , [23] . Studies on the reversal mode of nanowire arrays with diameter in the range of few tens of nanometers have been addressed in previous works [24] , [25] . The applicability of various rotational modes depends on the geometric characteristics of the nanowires.
The simulation of magnetic reversal for cylindrical nanowires was presented elsewhere [26] - [28] . Modeling is based on micromagnetic simulations where equilibrium magnetic states are 0018-9464/$31.00 © 2013 IEEE determined from local minima of Gibbs free energy considering exchange, anisotropy, Zeeman and magnetostatic energy terms. The demagnetization dynamics is studied by solving the Landau-Lifshitz-Gilbert equation that describes the motion of the magnetization in an effective field . In recent works, it has been shown that two main regions in the wire, an inner core and an external shell, may contribute in a different way to the reversal process [29] .
The micromagnetic study of the reversal mode in Co and CoFe nanowires that we present here refers specifically to the different crystal structure of nanowires. Selected Co nanowires present hcp hexagonal symmetry, while CoFe exhibit fcc and/or bcc cubic structure. Its interest lies in the deepening of the role played by the crystalline structure that, introducing significant crystalline energy term, makes certainly more complex the magnetization reversal mechanism.
II. EXPERIMENTAL DETAILS OF INVESTIGATED NANOWIRES
As indicated in the previous section, structure plays a main role in the magnetic behavior of nanowires. In this work, we have tailored the nanowires structure by tuning the alloy composition and have considered two families of nanowire arrays: Co and Co Fe .
A. Samples Preparation
Magnetic nanowires were prepared by electroplating filling of self-assembled pores in anodic alumina oxide (AAO) templates. The ordered AAO membranes were synthesized by twostep anodization process on 99.999% Al foils in oxalic acid electrolyte by applying a constant voltage of 40 V and keeping the temperature between 4 C-6 C. The first anodization was performed for 24 hours and the second one was performed for 20 hours to assure a thickness of nanoporous alumina template of about 40 m. The final hexagonal self-assembling of pores with diameter of around 40 nm and interpore distance of 105 nm is achieved. The diameter of pores was subsequently enlarged using H PO (5 % wt). Afterwards, Al was chemically etched from the bottom of the membrane and an Au nanolayer was sputtered to serve later as an electrode for final electroplating of nanowires. For more details about the preparation of nanowire arrays, the reader is referred to previous reports [7] , [8] , [15] , [18] , [19] .
Co and Co Fe nanowires were deposited into AAO membranes at 30 C and room temperature, respectively, by dc electrodeposition from sulfate-based electrolytes containing CoSO 7H O (250 g/l)
H BO (40 g/l) (Co nanowires) and CoSO 7H O (5-45 g/l) FeSO 7H O (5-45 g/l)
H BO (10 g/l) ascorbic acid (10 g/l) (Co Fe nanowires). The pH value of the Co electrolyte was gradually increased from 3.5 up to 6.5 by the addition of diluted NaOH while CoFe was maintained constant at about 3.0.
The length of nanowires was between 3 and 15 m, while the diameter was fixed to around 40 nm in all the cases. The length and the pore diameter were determined using a FEI NOVA NANO 230 High Resolution Scanning Electron Microscope (SEM), while the concentration of the CoFe alloys was checked by Energy-Dispersive X-ray spectroscopy (EDX). SEM imaging (top and cross sectional views) was also used to determine the diameter and the length of nanowires. As an example, the top view and the cross section SEM images of 3 m long Fe Co nanowires and 40 nm in diameter are shown in Fig. 1 .
B. Structural Characterization
The samples were structurally characterized with CuK X-ray diffraction (XRD) on a PANalytical X'pert Pro in Bragg-Brentano geometry. Fig. 2 shows the XRD spectra for a series of Co nanowire arrays. As observed, in all the cases an hcp hexagonal symmetry crystal structure is deduced with different peaks characteristics of different textures. Such different structures were obtained by modifying the pH during electroplating which is known to give rise also to significant changes in the magnetic behavior as has been discussed elsewhere [30] .
The structure of investigated Co nanowires is mostly polycrystalline with hcp crystal phase and three main textures in The X-ray diffraction patterns of AAO membranes filled with Co Fe nanowires are shown in Fig. 3 . We observe cubic symmetry in the whole range of compositions that evolves from preferential face-centered cubic, fcc, structure towards bodycentered cubic, bcc, as Fe content increases. For , we obtain bcc structure with a [110] preferred orientation. We should note that an phase transition in Co Fe alloy occurs at in agreement with previous reports for bulk alloys [31] . Fe Co nanowires exhibit a mixture of bcc and fcc structure with a [110] bcc preferred orientation. By further decreasing the Co content, the only stable phase is the phase fcc structure with a [110] preferred orientation. From the comparison between Figs. 2 and 3, we deduce that a small content of Fe seems to be enough to promote fcc cubic symmetry [32] . It should be pointed out that according to previous reports Co wires can also crystallize into fcc structure.
III. MAGNETIC BEHAVIOR
The magnetic properties of the nanowires were measured using a vibrating sample magnetometer (VSM, ADE system, EV7 KLA-Tencor) at room temperature under maximum magnetic field of 2 T applied parallel and perpendicular to the nanowires. Fig. 4 shows the hysteresis loops for the series of Co nanowire arrays, in which different structure is described in Fig. 2 , for applied field parallel and perpendicular to the nanowires. Note that a larger hysteresis (i.e., higher coercivity) is observed for the measurements under parallel field configuration, while no high remanence is reached in any case. We should point out that observed lack of high remanence in either field orientation denotes a magnetization easy axis making some angle with nanowires axes which will be later discussed to be determined by the crystalline anisotropy of nanowires. Fig. 5 shows the hysteresis loops, under applied field parallel to the wires, of Co Fe nanowire arrays for a range of selected compositions. We note firstly that the loop with highest Co content shows also highest coercivity and a remanence close to saturation magnetization. As the Fe content increases, both coercivity and remanence decrease while susceptibility along most of hysteresis loops nearly remains constant with composition.
IV. ANALYSIS OF EXPERIMENTAL DATA AND MICROMAGNETIC MODELING
In this section, we analyze the demagnetization process of Co and CoFe nanowires ordered with hexagonal symmetry and having particular magnetocrystalline anisotropy correlated with their crystalline structure (fcc, bcc and hcp phases). In addition, magnetic interactions among them are also accounted for which can be eventually relevant. Micromagnetic simulations of experimental results have been performed using the Magpar package [33] , [34] with finite element discretization. The average size of the mesh was taken as 4 nm. The demagnetization process has been simulated for ordered hexagonal arrays of seven nanowires with 40 nm in diameter, 2 m long and 105 nm the distance between nanowires.
A. Co Nanowires With hcp Hexagonal Structure
The magnetic behavior of Co nanowires (Fig. 4) is strongly determined by their hcp hexagonal symmetry crystallinity (Fig. 2) . Particularly, it depends on the orientation of the uniaxial anisotropy which magnetization easy axis is determined by the axis of hexagonal symmetry. The hcp phase presents a strong magnetocrystalline anisotropy of hexagonal symmetry with magnetization easy axis for texture in [100], [110] and [101] directions practically transverse to the nanowires axis, i.e., it directly competes with the shape anisotropy. In turn, the hcp phase with texture in [002] direction has a magnetization easy axis parallel to the NW axis, that could reinforce the shape anisotropy. We deduce from the loops in Fig. 4 that the direction of effective magnetocrystalline anisotropy is practically transverse to the nanowires axis so it competes with the shape anisotropy.
Micromagnetic simulations have been performed with the magnetic parameters of hcp Co ( emu/cm erg/cm, and erg/cm ) [35] . We assumed from the analysis of XRD and VSM data that the hcp Co nanowires consist of large monocrystal grains (about 1 m) with different crystallographic orientation. In order to account for the actual magnetocrystalline anisotropy of nanowires, the average direction of c-axis was considered. The direction of this effective magnetocrystalline anisotropy with respect to the nanowires axis for each texture is schematically shown in Fig. 6 . The angle between the easy axis direction and the nanowire axis has been determined by combined analysis of XRD spectra (Fig. 2) with the best fitting parameters of simulation to experimental data [36] . Thus, such angles are 88 , 76 and 65 for nanowires with texture in [110] , [101] and [101] [002] directions, respectively. In our simulation for each nanowire in the array, the polar orientation of the magnetocrystalline anisotropy axis was kept constant, while its azimuthal orientation was randomly selected. Fig. 7 shows the micromagnetic simulations of hysteresis loops under parallel, , and perpendicular, , magnetic field configurations for nanowire arrays with textures in [101] and [110] directions. An overall qualitative agreement (i.e., parallel loops denote a softer behavior when magnetizing the wires along that direction) is found in comparison with experimental loops of Fig. 4 , particularly as much as parallel and perpendicular loops is concerned relative to each sample. Specifically, the magnetic parameters as coercivity and remanence are very similar to those obtained experimentally. Note for example also that coercivity and remanence values in perpendicular field configuration for [110] texture are smaller than for the [101] texture in agreement with experimental data. We should also point out that for a full agreement with experiments the amount of simulated nanowires should be increased. This was shown to produce more inclined hysteresis loops as corresponds to additional thin film shape anisotropy [37] . Additionally, more knowledge of the actual distribution of azimuthal orientation of axes in the different grains of the nanowires is necessary. That requires further detailed study of the crystal structure of nanowires [i.e., by transmission electron microscopy (TEM)].
The presence of (002) peak in nanowires with texture in [101] direction can significantly change the shape of magnetic loop in perpendicular applied field configuration as shown in Fig. 8 . The simulated loop [ Fig. 8(a) ] shows a good fitting to the experimental data [ Fig. 8(b) ]. Note that in the simulation we have assumed that the existence of two hcp phases (101) and (002) can be attributed to an effective rotation of the direction of the magnetocrystalline anisotropy ( axis) in a small angle (about 10 for the [101] texture and about 25 for the [110] texture, see Fig. 6 ) towards the nanowires axis.
Our simulations (not shown) for Co showing an hcp phase with [002] texture do not reach such a good agreement with (002) hcp phase in magnetic field applied perpendicular to the NW axis. Fig. 9 . Simulated longitudinal demagnetization curve of a single Co nanowire (40 nm diameter, 2 m long) with magnetocrystalline easy axis almost perpendicular to (c) the nanowire axis. Indicated (1), (2), (3) regions correspond respectively to applied fields at which the vortex is formed, at the remanence, and when the vortex core is switched. The distribution of magnetic moments along a longitudinal cross section is given at (a) remanence, while (b) shows the top view of the vortex structure.
the experimental data presented in Fig. 4(b) . That can be understood considering that the structure consists of several crystallites with different preferred orientation along the nanowires length resulting in the effective magnetocrystalline anisotropy similar to the case of [101] texture.
Note that (101) and (100) peaks are observed in Fig. 2 (b) in addition to the (002) peak. That suggests a complex structure instead of pure (002) hcp phase which would be expected to result in a axis parallel to the nanowires. Consequently, the loops in Fig. 4(b) , (c), and (d) are relatively similar. The complex character of the polycrystalline structure of a given nanowire array is also supported by the broad peaks of (100) and (101) hcp phases measured by XRD [see Fig. 2(c) ].
Simulations show that for all hcp Co nanowire arrays magnetocrystalline anisotropy dominates the magnetization reversal process. At remanence, a vortex magnetic state along the whole NWs length is stabilized by the strong uniaxial magnetocrystalline anisotropy which aligns practically transverse to the nanowires axis. Fig. 9 shows the demagnetization curve from a saturated state, where three main regions can be identified. We should note that the reversal process is initiated at the ends of the wire [i.e., region (1) in the loop on Fig. 9(c) ]. At the remanent state the magnetic configuration consists of magnetic vortices [ Fig. 9(b) ] with the same polarity but different chiralities (shown by arrows), i.e., a longitudinally magnetized vortex core along the nanowire, surrounded by a circularly magnetized shell [ Fig. 9(a) ]. The subsequent demagnetization occurs through the nucleation of a domain wall-like structure in the center of the nanowire that propagates towards both ends. The rotation of the shell spins completes the magnetization reversal.
B. CoFe Nanowires With fcc or bcc Cubic Structure
In contrast to the arrays of hcp Co nanowires, fcc Co and bcc CoFe alloy nanowires, with reduced magnetocrystalline anisotropy strength in comparison with shape anisotropy, should expectedly present a more simple magnetic behavior.
In our micromagnetic simulations, we have considered a polycrystalline structure for both Co and CoFe nanowires with the corresponding fcc and bcc phase. As for the magnetic parameters for fcc Co, we have taken [29] , [38] , [9] a saturation magnetization emu/cm , exchange constant erg/cm, and magnetocrystalline anisotropy constant erg/cm , while for bcc CoFe, we consider emu/cm erg/cm, and erg/cm . In order to account for the actual polycrystalline nature of nanowires structure, the meshed tetrahedral (mesh size is 4 nm) were randomly assigned to corresponding textured phases. We have considered that [111] direction for fcc Co and [110] direction for bcc FeCo is parallel to the nanowires axis, while the in-plane easy axis components were considered random. Fig. 10 presents the micromagnetic simulation of magnetic loops for fcc Co and bcc FeCo nanowire arrays under parallel field configuration. Both loops are characterized by high squareness ratio which is reasonable considering that shape overcomes crystalline anisotropy term. The Co fcc phase has a significantly stronger magnetocrystalline anisotropy, with a net component along the axial direction that reinforces the shape anisotropy. As a result, fcc Co coercivity and remanence take higher values than for the arrays of bcc CoFe nanowires that present the weaker cubic magnetocrystalline anisotropy. Micromagnetic simulations indicate that the magnetization reversal proceeds by vortex domain wall propagation in both cases.
Simulated loops in Fig. 10 are for given anisotropy strength values for fcc and bcc structures and fit only to some extent the experimental loops in Fig. 5 for a wide range of CoFe alloy compositions. The evolution with composition of coercivity and remanence of CoFe nanowire arrays is depicted in Fig. 11 together with coercivity values of simulated loops from Fig. 10 . Full interpretation of data in Fig. 11 should involve essentially the consideration of the role played by crystalline anisotropy with relative Co/Fe content. One can deduce an overall agreement in the trend of increasing coercivity with Co content as fcc phase plays a more dominant role. The lack of full agreement can be understood considering different arguments: 1) an increase in the crystallite size with Co content [40] ; 2) the defects and inhomogeneities in the samples due to the rapid deposition of Fe and Co ions which can cause an enhancement in coercivity [41] ; 3) small fluctuations in the diameters from sample to sample; and 4) magnetostatic interactions in a large scale array.
V. FINAL SUMMARY AND CONCLUSION
We have performed a study on Co and CoFe nanowire arrays including their synthesis by electrochemical route, the structural and magnetic characterization and the analysis of magnetization process with micromagnetic simulations. The following conclusions can be extracted.
1) The structure of nanowires can be tailored by appropriate selection of electroplating parameters. Micrometric long nanowires are grown with cubic symmetry (fcc Co and bcc CoFe) or with hexagonal symmetry (hcp Co with selected textures).
2) The magnetic hysteresis loops (i.e., coercivity and remanence) have been experimentally determined under parallel and perpendicular to nanowires field configurations. From them, we gain general information on the overall magnetization process and effective magnetic anisotropy.
3) Micromagnetic simulations have been performed using Magpar code taking into account the magnetocrystalline anisotropy corresponding to different mentioned structures. Co hcp and CoFe nanowires present different magnetic behavior due to the different role of magnetocrystalline anisotropy. The demagnetization process takes place by: a) for Co fcc and CoFe structure: nucleation at the end and propagation of a vortex domain wall; b) for Co hcp structure: formation of the vortex state along the whole nanowire at the remanence, propagation of the domain wall in the nuclei and consequent rotation of the shell. We should finally mention that we pay here particular attention to the role of crystalline structure in the magnetic properties. Magnetostatic interactions, considered in the micromagnetic simulations, can be relevant especially for fcc and bcc phases where wires shape anisotropy is dominant. However, their full quantification requires an additional study.
